Abstract: This paper presents recent inverter and inductor innovations that have advanced the performance and capability of modern scan and single-shot induction hardening equipment. The physics and critical design elements of both of these induction heat treatment processes are discussed in detail and practical case studies featuring numerical computer simulation are referenced throughout.
Introduction
Electromagnetic induction enables the selective heating of electrically conductive materials, making it a preferred method of heat treating metallic components. Scan hardening and single-shot hardening are two of the most common induction heat treatment processes and are traditionally used to harden steel (carbon steel and nonaustenitic stainless steel) components featuring relatively long cylindrical geometries.
Despite their similar applications, scan hardening and single-shot hardening offer unique advantages due to the physical qualities differentiating these two induction hardening approaches. Accordingly, distinct technological advancements have advanced the capability of these two types of induction hardening equipment.
Section 2 describes the general physics and main equipment and process design variables associated with conventional scan hardening systems. Section 3 introduces a new inverter technology and illustrates its practical advantages over conventional scan hardening power supplies using computer simulation and a real-world case study. In a parallel manner, Section 4 describes the fundamental physical and design elements inherent to single-shot hardening systems and Section 5 presents a recently-developed single-shot inductor design that has provided dramatic coil life improvements in a number of different applications.
Scan hardening systems

Overview
Most scan hardening processes consist of the case-hardening or through-hardening (or a combination of both) of a specific length of a carbon steel component. During a typical scan hardening process, a portion of the total hardened length of the component is heated and quenched is it moves relative to a comparatively short encircling inductor. The design of induction scan hardening systems incorporates a number of different elements; however the elements that have the most significant impact on hardening results are the design of the inductor, the configuration and capability of the power supply, and the selection and variation of the critical process parameters that make up the scan hardening process 'recipe'.
Inductor design
As shown in Figure 1 , scan hardening inductors are effectively an assembly comprised of a few critical components -an internally-cooled copper coil, magnetic flux concentrators (if needed), and a spray quenching apparatus. Additional components include the coil leads, hoses and connections for coil cooling and quenching circuits, thermal and electromagnetic shields, mechanical supports, etc. Many scanning coils are composed of wound copper tube, though solid-machined coils are also common, particularly in cases when manufacturing precision is critical (e.g., processes utilising radio frequencies). Both single-turn and multi-turn coils are used, though in most cases the number of turns is relatively small in order to minimise overall coil length and ensure proper load matching with the power supply (Rudnev et al., 2003) .
Scanning inductors often feature a combination of profiled coil copper and purposelypositioned magnetic flux concentrators in order to achieve an appropriate distribution of induced heat generation in the hardened component. This is especially true in applications in which the hardened area includes significant diameter transitions as the internal and external corners of these diameter transitions present inherent thermal and electromagnetic challenges. In cases in which magnetic flux concentrators are necessary, a number of factors should be considered when selecting an appropriate material including the applied frequency, applied magnetic field magnitude and orientation, inductor and concentrator geometry, heating time, and concentrator thermo-mechanical properties . In most carbon steel alloys, a high cooling rate is required in order to transform austenite into martensite. In the vast majority of scan hardening processes, this is achieved using an integrated spray quenching apparatus that 'follows' the induction coil . Quench intensity (i.e., cooling rate) is controlled by the chemical make-up of the quench media, the flow-rate through the quenching circuit, and the geometry of the quenching apparatus (Zinn, 2014) . Another critical factor in the design of the quenching process is the quench offset, the longitudinal distance between the coil and initial quench impingement point. The quench offset, along with scan rate, dictates the effective 'soaking' time, which directly influences thermal conduction and metallurgical phase transformations within the component.
Power supply configuration
The configuration of the induction power supply is another critical element in the design of induction scan hardening equipment. While there are a number of important aspects to consider in the specification of a power supply, the two most important are generally considered to be the frequency and power output. The selection of electrical frequency is generally based upon the required case depth(s) along the length of the component, though there are other factors to take into consideration as well. At higher frequencies, the induced current penetration depth (area in which the majority of current flows) becomes smaller, resulting in more concentrated heat generation near the surface. Accordingly, higher frequencies are generally used when relatively shallow case depths are required and lower frequencies are generally used when deeper cases are required. When evaluating the required power output for a scan hardening system process, component geometry, case depth requirements, production requirements, and heating efficiency (electromagnetic and thermal) must all be considered. In general, because only a portion of a component's total hardened length is heated at a given instant in time during a scanning process, the required output power from scan hardening power supplies is generally lower relative to that of a comparable static or single-shot hardening power supply. This makes scan hardening systems very cost-effective hardening solutions. Because the frequency and power output of a conventional scan hardening power supply is largely dictated by the operating range of its internal components -and therefore cannot be readily changed during operation -it is imperative the power supply configuration is carefully determined (Rudnev et al., 2003) .
Process design
Only a portion of a component's full hardened length is heated at a given instant in time in a scan hardening process, enabling the hardening of long components using a relatively small power supply. This intrinsic characteristic also makes scan hardening systems very flexible; in conventional scanning systems, longitudinal variations in component geometry and case pattern requirements can be accommodated adjusting coil power and scan rate (as a function of scanning position). Consequently, scanning systems can be adapted relatively easily to modify hardening results and process new components (Rudnev et al., 2003) .
In induction scan hardening processes, controlling the total induced thermal energy in a region of the component is achieved by manipulating coil power and scan rate. Variations in coil power and scan rate change the rate of thermal energy generation and the effective heating time for a specific area of the component. It is common, therefore, to alter the instantaneous coil power or scan rate in areas where the geometry or hardening requirements of the component changes. For example, when starting to heat an area with a deeper case depth requirement or a larger mass, it is common to reduce the scan speed to facilitate radial thermal conduction and therefore deeper austenitisation. In many cases, particularly when the reduction in scan rate is substantial, a reduction in coil power is also needed in order to avoid overheating near the surface.
When scan hardening an area of a component that features a substantial diameter change, it is sometimes necessary to reduce the scan rate to zero to provide a more dramatic increase in localised heating time. This period in which the scan rate is zero is often called a 'dwell'. Scan hardening processes involving the hardening of flanged shafts often start with a prolonged dwell and relatively high coil power in order to compensate for rapid conduction of thermal energy away from the surface of the flange-shaft transition area. It is also common to follow the prolonged dwell with a short, rapid scan (sometimes called a 'jump') in order to avoid overheating the immediately adjacent region (which is still heated during the dwell due to electromagnetic proximity and thermal conduction).
New technology: IFP™ power supply
Overview
Typical scan hardened components feature a number of variations in geometry and case pattern requirements along their hardened lengths. Additionally, many scanning systems are used to harden multiple different components (featuring unique geometries, materials, and/or case pattern requirements); consequently, a single optimal frequency rarely exists in the design of scan hardening systems (Rudnev et al., 2003) . A recently introduced inverter technology provides users the ability to deliberately and instantaneously vary output electrical frequency during a scan hardening process in the same manner that scan rate and coil power are varied. IFP™ (Independent Frequency and Power) power supplies, capable of operating across a wide range of common heat treatment frequencies and power levels, addresses the reality that precise in-process frequency variation is highly advantageous in maximising scan hardening quality, flexibility, and productivity.
Case study
To illustrate the merit of IFP™ technology, consider the scan hardening the of Ø25 mm SAE 4140 steel shaft. The component features a number of geometric variations along its length, the most significant being a 5 mm diameter reduction. The case pattern requirements in this diameter transition area are shown in Figure 2 . A single-turn inductor is used in this process due to the sharp case pattern run-out specification at the end of the shaft (Rudnev et al., 2003) . The copper coil is machined and features a relatively aggressive profile in order to achieve more localised induced heat generation in the component. Magnetic flux concentrator is not used in this case due to a combination of the frequency utilised, the duration of the scanning process, and customer preferences. 
A Conventional power supply
If a conventional (fixed-frequency) scan hardening system is used to harden this component, a single frequency must be selected for the entirety of the hardening process. Given that required case depths along the length of the are all on the order of 2 mm, a nominal frequency of 30 kHz should provide near-optimal results for a fixed-frequency process (Rudnev et al., 2003) . Figure 3 shows an instantaneous temperature distribution in the shaft during the scan hardening process.
The fixed-frequency process recipe used in the scan hardening of this region of the shaft is shown in Figure 4 . As the part is translated downward and the diameter transition approaches the top of the coil, the scan rate is increased substantially to address the inherent tendency to overheat the external corner of the diameter transition. The scan rate is then reduced to zero for a short dwell period (lasting approximately 2 s) with the bottom face of the coil sitting just above the diameter transition. This increases the effective heating time in the internal corner of the diameter transition, helping to compensate for the pronounced heat sinking that occurs in this area. After the dwell, the scan rate returns to a steady 8 mm/s, with the exception of a very brief period in which a faster scan rate used to mitigate the risk of overheating in the area directly above the diameter transition. Figure 5 shows the projected case pattern in this region of the shaft based upon 2D electromagnetic-thermal FEA simulation results (Flux 2D). While the projected case depths above and below the diameter transition meet the customer's specifications, the case depth in the internal corner of the diameter transition is well below the 1.5 mm minimum requirement. The 1150°C maximum temperature at the external corner is also troublesome; at this temperature substantial grain coarsening (as well as insipient melting) can occur, ultimately resulting in poor mechanical properties (Rudnev et al., 2003) . This combination of problems can be difficult -and in some cases impossible -to overcome with a conventional scan hardening system. Increasing the induced heat generation in the internal corner can provide a deeper case depth in this area; however due to the proximity of the internal and external corners of the diameter transition, this tends to exacerbate the overheating problem in the external corner. 
B IFP™ power supply
Hardening this component using an IFP™ scanning system can provide substantial improvement in this challenging diameter transition. In this area, a frequency reduction can increase the induced current penetration depth in the shaft, promoting a deeper case depth in the internal corner of the diameter transition while also reducing the risk of overheating the surface of the adjacent external corner. The process recipe used with IFP™ scanning system is shown in Figure 6 . While the variation of scan rate vs. time is unchanged from the fixed-frequency process, the output frequency of the inverter is reduced to 12 kHz when the coil approaches the diameter transition. Accompanying the reduction in output frequency is a necessary increase in output current. The projected case pattern resulting from this variable frequency process is shown in Figure 7 . The projected case depth in the internal corner nearly doubled, increasing to an acceptable value of 1.7 mm. Furthermore, the maximum temperature decreased by over 70°C, substantially reducing the potential for excessive grain coarsening in the external corner. 
Overview
Single-shot systems often offer the most effective induction hardening solution when working with complex geometry components, especially when high-volume production is required (Rudnev et al., 2003) . In a typical single-shot induction hardening process, the entire hardened area of the component is heated simultaneously and quenched while rotating within the inductor. Single-shot coils feature longitudinal current-carrying segments in addition to circumferential segments, enabling the induction of longitudinal current flow in the hardened component (Rudnev et al., 2003) . The ability to induce current longitudinally can provide a substantial electromagnetic advantage, particularly when hardening components with aggressive diameter changes as these features are inherently predisposed to non-uniform rates of induced heat generation and heat transfer.
Critical design elements
Single-shot induction hardening processes can provide heat treatment results that are extremely difficult to achieve otherwise; however the design of single-shot inductors can be quite challenging. Because single-shot inductors heat the entire hardened area of the component simultaneously, accommodating variations in geometry and hardening requirements along the length of the component must be achieved almost entirely in the geometry of the inductor. Consequently, single-shot inductors often feature subtle variations in coupling gaps, intricate coil copper profiling, and the selective use of magnetic flux concentrators (Rudnev et al., 2003) . Additionally, because single-shot inductors induce current both longitudinally and circumferentially, predicting hardening results is less intuitive (relative to scan hardening coils for example). Computer simulation, therefore, is a powerful tool in the design of single-shot systems as it enables engineers to develop inductors designs and process parameters without carrying out timeconsuming and costly trial-and-error experiments.
Case study
Consider the induction hardening of the SAE 4140 power transmission component shown in Figure 8 . Due to the sharp diameter transitions along the hardened length of this shaft and the high production rate required, a single-shot process provides the most effective induction hardening solution. The induction heating of this component is simulated using Flux 3D, a coupled electromagnetic-thermal FEA software package developed by Magsoft (now Altair). Because of the combined longitudinal and circumferential current flow inherent to single-shot hardening, obtaining accurate results requires conducting simulations in 3D. The metallurgical phase transformations and generation of mechanical stresses occurring during this process are simulated in DANTE, a coupled thermal, carbon diffusion, and solid mechanics software developed by DANTE Solutions specifically for the simulation of heat treatment processes. Due to the fact that this heating process produces a near-uniform circumferential temperature distribution, DANTE simulations are conducted in 2D using processed 3D induced power density data from Flux. A mapping routine provides accurate projection despite differences between the finite element meshes used in these simulations. 
A Inductor design
The geometry of the single-shot inductor featured in these simulations was developed using a combination of practical experience and iterative simulations. The inductor is composed of an internally-cooled coil solid-machined from oxygen-free electronic (OFE) copper, a number of deliberately placed magnetic flux concentrators, and a spray quenching apparatus. The quenching system, in addition to other components of the inductor assembly such as hoses and connections for coil cooling and quenching circuits, thermal shields, and mechanical supports, are not included in the geometric model shown in Figure 8 ; however, water cooling of the coil and spray quenching of the part are physically accounted for in these simulations.
B Material properties
The material property model used to represent the SAE 4140 steel takes into account the non-linearity of its electromagnetic and thermal properties. The material's electrical resistivity, specific heat, and thermal conductivity are defined as temperature dependent and its magnetic permeability is considered to be both temperature-dependent and field-dependent, with an assumed Curie temperature of approximately 750°C (Lupi and Rudnev, 2014) . The OFE copper is also considered to have temperaturedependent electrical and thermal properties, though heat generation and heat transfer within the copper is only considered in final simulations (to minimise computation time in the initial coil design process). The composite magnetic flux concentrator is defined as an electrical and thermal insulator with a field-dependent relative magnetic permeability.
C Process parameters
The hardening process utilises a 30 kHz power supply configured in current-regulation mode. During the 5.0 s heating time the component rotates at 300 rpm, providing 25 full rotations within the inductor during heating. A water-polymer quenching solution is aggressively sprayed onto the heated surface of the component immediately after heating, which is simulated using an assumed convention coefficient of 15 kW/m 2°C . This convection coefficient does not take into account the multiple phases and related subtleties of spray quenching; however it has proven to be a reasonable cooling approximation in many applications. Figure 9 shows the induced current density at the surface of the component near the end of the heating process, illustrating the combined longitudinal and circumferential induced current flow produced by this type of inductor. This combination of the inductor design and electrical frequency provides maximum induced current density, and therefore power density, in the internal corners of the diameter transitions during much of the heating process, compensating for the substantial electromagnetic and thermal challenges inherently associated with these areas. At the early stage of heating (before the surface transforms to austenite), the surface is under compression due to thermal expansion. After the surface transforms to austenite, the stress-state decreases to a magnitude close to neutral, though compression occurs under the austenite layer due to thermal expansion. Tensile stress exists in the core to balance the compressive stress near the surface.
D Results
Spatial distributions of temperature, austenite composition, and hoop stress at the end of heating are shown in Figure 10 . The surface temperature is approaching 1100°C and austenite layer is approximately 5.0 mm deep. In the initial second of quenching (prior to the formation of martensite), the surface region experiences tensile stress due to thermal shrinkage. As shown in Figure 11 , after approximately 2.0 s of quenching, the surface temperature is approximately 204°C (well below the 320°C MS temperature of SAE 4140) and the formation of martensite is underway (Li et al., 2016) . The stress state near the surface rapidly shifts from tension to compression due to the volumetric expansion that accompanies the formation of martensite (Li et al., 2016) . As shown in Figure 12 , at the end of quenching, almost the entire austenitic layer has transformed to martensite. At this point, the surface temperature is approximately 70°C and the core temperature is about 300°C. Compressive hoop stress of approximately -310 MPa exists at the surface while a tensile stress of +390 MPa is observed beneath the austenitised layer. The core is under slight compression at around -80 MPa. The cooling of the core after phase transformation is completed has a significant effect on the residual stresses in the component (Li et al., 2016) . In this period, the magnitude of compressive hoop stress near the surface increases substantially. The tensile stress beneath the hardened case increase in magnitude as well, but to a lesser degree. While compressive residual stresses are desired near the surface to provide strength, it is critical to consider the tensile stresses that inherently exist beneath the hardened case as well. In certain cases, these residual subsurface tensile stresses can lead to failures when the component is under load, especially if the material at these locations exhibits metallurgical/microstructural irregularities (Grum, 2014) . 
Overview
As seen in the previous case study, heating times in single-shot induction hardening processes are typically on the order of 4 to 10 seconds, though as hollow components become increasingly prevalent, it is not unusual for heating times to be as short as 2 seconds (Rudnev et al., 2003) . High coil current is typically required in order to adequately austenitise the hardened area within the short heating time, subjecting the coil copper to very high localised power densities (i.e., highly-concentrated internal heat generation) that can lead to premature coil failure. While machining single-shot coils from solid copper blanks can mitigate some premature failures by eliminating troublesome brazed joints, there are still many cases in which problems persist ().
Causes of premature inductor failure
Components featuring significant diameter transitions along the hardened area (e.g., axle shafts, transmission shafts, wheel hubs, etc.) present significant electromagnetic proximity and thermal conduction challenges. Inducing sufficient heat generation to compensate for these inherent physical phenomena often requires aggressive copper profiling and extensive use of magnetic flux concentrator in the circumferential coil segment, in addition high coil current. As shown in Figure 13 , conventional single-shot hardening coils often fail in this area because of the resultant high power density in the copper (Rudnev et al., 2015) . 
New inductor concept
A recently introduced alternative to conventional single-shot inductor designs addresses this type of failure by replacing the partially-encircling circumferential segments with a fully-encircling one. As shown in Figure 14 , this patented approach reduces the current density in the lower circumferential segment by approximately 50%, resulting in a power density reduction of approximately 75%. Also, the internal water cooling surface area in the circumferential segment is effectively doubled, further reducing the temperature increase of the copper during heating. In combination, these improvements dramatically reduce the risk of failure modes associated with excessive heating of the coil copper including localised melting and cracking due to thermal fatigue. This alternative single-shot inductor design has dramatically improved inductor life in a number of applications. For example, a conventional single-shot inductor previously used to harden an automotive shaft typically lasted 20,000-25,000 cycles before failure. Using this new single-shot design, inductor life has been increased by a magnitude of 10 to 20 times, with some of these inductors surpassing 500,000 cycles. This new inductor design also offers an appreciable quality-related advantage. Because the lower circumferential segment fully encircles the component, the hardening results are less sensitive to coupling gap deviations, wear of spindle bearings (resulting in 'wobble' of the component relative to the inductor), and other realities of high-production manufacturing environments.
Conclusion
Scan and single-shot induction hardening are proven processes that have delivered quality, reliable, and efficient results for decades. While lightweight design initiatives, manufacturing cost-reduction demands, and increasingly stringent quality specifications continue to introduce new heat treatment challenges, recent power supply and inductor innovations suggest induction hardening will be a preferred heat treatment method for many decades to come.
